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Abstract 
A comprehensive experimental approach has been used to assess the interrelation of CO2-mediated chemical reactions and 
transport properties in pelitic rocks. Sorption values on shale samples (P<20 MPa, 50ºC) were high with maximum amounts of 
~44 kg/t. These capacities did not correlate with the organic carbon content, indicating sorption on and/or reaction with mineral 
components. Further, crushed shale samples were exposed to CO2 in the presence of water at 15 MPa and 50°C for different time 
periods, showing significant changes in mineral composition. Reaction equilibrium was reached within periods of less than a 
month. Some of the caprock lithotypes could represent a significant sink for CO2 deposited in the subsurface and could reduce 
the risk of leakage to the surface. 
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1. Introduction 
In recent years, research into subsurface CO2 storage in geological formations has increased rapidly. The main 
focus of this research is to seek options for lowering anthropogenic CO2 emissions that are believed to be a major 
factor contributing to global warming. Some of the most favored storage options are saline aquifers, depleted gas 
and oil reservoirs or unminable coal seams. 
Investigations on this topic cover a wide range of issues such as gas-water-rock interactions, multiphase flow, 
reservoir engineering and modeling as well as monitoring and verification. One common aspect of all CO2 capture 
and storage (CCS) options is the sealing efficiency of cap rocks above potential CO2 storage reservoirs. Since site 
selection, injection technologies and underground behaviors of CO2 are more and more understood by field tests, 
including intensive laboratory, geophysical, monitoring and modeling studies, caprocks only find comparatively 
little consideration in the literature. The reason might be its complexity, both in terms of mineralogy and flow 
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behavior but also due to the very long-lasting laboratory measurements, keeping in mind the low transport 
processes, usually in the nDarcy to sub-nDarcy range. Further, from recent field tests such as Sleipner, experience 
on the in situ caprock integrity can only be obtained in decades or even hundreds of years. 
The quantitative assessment of leakage risks and leakage rates is a primary prerequisite for site approval, public 
acceptance and the awarding of credits for stored CO2 quantities.  
Leakage through caprocks may occur in three different ways: (i) rapid (“catastrophic”) leakage by seal-breaching 
(mechanical failure) or damage of well casing (corrosion of pipes and cements), resulting in gas flow through a 
(micro-) fracture network, (ii) long-term leakage controlled by the capillary sealing efficiency [1-3] and 
permeability (after capillary breakthrough pressure is exceeded) and (iii) diffusive loss of dissolved gas through the 
water-saturated pore space.  
This study is based on a paper by Busch et al. [4] who presented diffusion and sorption data on an Australian 
shale and single clay minerals in order to obtain (i) information on changes in diffusive flux by rock/CO2/water 
interaction and (ii) sorptive storage of CO2 in shaly formation and an increase in storage security associated with 
this. Based on these and further findings, recommendations for future (laboratory) research will be provided that 
should form the basis of modeling studies on caprock integrity. 
Research on fluid flow through undisturbed caprock formations (molecular diffusion, capillary transport) 
performed at RWTH Aachen University together with various partners and within various national and international 
research projects is currently focusing on changes in fluid transport due to CO2/water rock interactions, 
mineralogical changes and sorption processes. All these processes are believed to alter caprock formations either 
improving or impairing its suitability for long-term CO2 storage. 
 
2. Samples 
Two shale samples were used in this study: The Muderong Shale forms a regional caprock on the Northwestern 
Shelf of Australia and is of Cretaceous age [5-6]. The second sample was a Paleozoic shale from an underground 
coal mine in the Saar area in Germany (Warndt-Luisenthal). Further, sorption experiments were performed with 
pure clay minerals (montmorillonite, illite, kaolinite and chlorite). Properties of the Muderong Shale and the clay 
minerals have been reported by Busch et al. [4]. The mineralogical and petrophysical data of the Paleozoic shale 
sample have not been analyzed in detail yet.  
 
3. Methods 
Within this study several experimental approaches have been used that have already been discussed in the 
literature and the interested reader is referred to these studies for further information: 
• Gas sorption experiments on powdered sample material (grain size <200 μm; P<20 MPa; T=50˚C) [4, 
7]. Here samples have been measured in three different moisture states: (i) the dry measurements 
correspond to vacuum heating of the sample at 80ºC for 24h, (ii) “as received” (a.r.) moisture refers to 
the original moisture content as obtained from the provider. Compared to the original moisture, samples 
were probably subject to drying, resulting in slightly reduced original moisture contents, and (iii), moist 
refers to additional (tap) water used in the experiments. 
• Geochemical water/CO2/rock interactions in batch reactors (grain size <200 μm; P=15 MPa; T=50˚C). 
These experiments were performed according to the following procedure: Crushed samples (2.5g shale+ 
0.4 g corundum as standard) were sieved to pass through a sieve size of <63 μm and placed in an 
autoclave. Five different interaction times were chosen from 48 to 768h (2-32 days) to monitor 
mineralogical changes over time. Reacted mineral phases were subsequently measured by quantitative 
X-ray diffraction and compared with the untreated sample. Powdered samples were filled into a sidefill 
holder for minimizing particle orientation. Quantitative phase analysis was done with the Rietveld 
program BGMN [8]. The heterogeneity of the rock samples was found to account for a variation in 
mineral composition of up to 5 weight percent. The accuracy of the measurements was better than 1 %. 
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4. Results 
4.1. Muderong Shale 
Carbon dioxide diffusion experiments on the Muderong Shale provided evidence for an increased storage 
potential in shaly caprocks that could not be attributed to CO2 dissolution in water or sorption on organic matter 
alone. This potential was higher by a factor ~2 as reported by Busch et al. [4]. The processes and mechanisms are 
not yet understood in detail. This indication lead to the measurements of sorption isotherms on the same samples, 
and it was shown that shales are able to adsorb significant amounts of CO2. Further, looking at the individual clay 
minerals present in shales (e.g. smectite, illite, kaolinite, chlorite) sorption experiments were also performed on 
these materials and it was demonstrated that sorption capacities decrease with decreasing micropore volumes in the 
order: 
 
smectite>illite>kaolinite>chlorite 
 
The mineralogical composition of the powdered Muderong sample recovered after the sorption measurements 
was compared with the composition of the original (untreated) material. It was found that the mineralogy had 
changed significantly as shown in Table 1. Evidently, only the moist material underwent mineralogical changes 
while the composition of the dry material remained unchanged within the range of experimental uncertainties  and 
sample heterogeneity. The main changes for the moist sample are related to illite, quartz and smectite: Illite contents 
decrease from 0.42 to 0.19 g/g while quartz and smectite increase from 0.24 to 0.31 and from 0.20 to 0.25 g/g, 
respectively. Additionally, specific (BET) surface areas of the pre- and post-experiment samples were measured. A 
minor reduction from 14.6 to 13.1 m²/g was observed for the moist sample while the specific surface area of the dry 
material remained essentially unchanged. This change in micropore volume can be attributed to the changing 
mineralogy. 
Table 1. Mineralogical changes and changes in specific surface area (SSA) of the Muderong shale (grain size 
<200 μm) after sorption experiments. 
 
 Initial composition 
(g/g) 
After sorption on 
moist sample (g/g) 
After sorption on dry 
sample (g/g) 
quartz 0.23 0.31 0.24 
illite 0.41 0.19 0.42 
smectite 0.19 0.25 0.20 
chlorite 0.01 0.04 0.02 
K-feldspar 0.03 0.04 0.03 
pyrite 0.01 0.02 0.01 
siderite 0.02 0.03 0.03 
kaolinite 0.09 0.12 0.09 
    
SSA (m²/g) 14.6 13.1 14.5 
 
Following these initial observations, a more detailed experimental program addressing geochemical reactions has 
been performed. The results are summarized in Table 2 and Figure 1 and show mineralogical changes over time 
within periods ranging from 48 to 768h (2-32 days). As evident from Figure 1 and within the experimental 
uncertainties geochemical equilibrium is reached after 250h. Within this time period the smectite and the K-feldspar 
contents increased from 0.19 to 0.40 and from 0.04 to 0.09 g/g, respectively while illite decreased from 0.39 to 0.10 
g/g. All other changes are considered to be within the experimental error or within the sample heterogeneity. 
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Corundum contents in the sample remained unchanged and are suppressed from the mineralogical composition in 
Table 2. 
 
Table 2. Mineralogical changes from batch experiments on moist Muderong shale (grain size < 63 μm) at 50ºC and 
15 MPa in a batch reactor. 
 
 Initial 
composition 
(g/g) 
After 48 h 
(g/g) 
After 142 h 
(g/g) 
After 241 h 
(g/g) 
After 480 h 
(g/g) 
After 768 h 
(g/g) 
quartz 0.20 0.21 0.19 0.22 0.20 0.19 
illite 0.39 0.42 0.42 0.12 0.12 0.10 
smectite 0.19 0.16 0.18 0.38 0.40 0.40 
chlorite 0.03 0.02 0.03 0.03 0.02 0.04 
K-feldspar 0.04 0.03 0.03 0.07 0.08 0.09 
pyrite 0.02 0.02 0.02 0.02 0.02 0.03 
siderite 0.04 0.04 0.04 0.02 0.03 0.03 
kaolinite 0.10 0.10 0.09 0.12 0.13 0.11 
 
 
Figure 1. Changes in mineralogical composition after CO2/water/rock interaction with Muderong Shale at 50ºC and 
15 MPa. 
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Figure 2 (taken from Busch et al. [4]) shows the sorption capacity of the Muderong Shale as a function of 
pressure at 50ºC. The sample with an as-received (“a.r.”) moisture content of 3.34% shows the highest excess 
sorption capacity with a large decrease in a follow-up measurement, while the dried sample had a significantly lower 
sorption capacity. The excess sorption quantities are high, with maximum values in the same order as for coals [7]. 
Similarly high values have also been observed from diffusion experiments in the same study. One remarkable 
feature of these isotherms is the declining part of the isotherms at pressures >12 MPa which has been attributed in 
former studies to a volumetric effect (volume of the sorbed phase, sample swelling, etc. [7]). 
 
 
Figure 2. CO2 sorption capacity measured on as received (“a.r.” water content = 3.34%) and dry Muderong Shale at 
50ºC and pressures up to 16 MPa. 
 
4.2. Paleozoic shale 
Figure 3 shows CO2 sorption measurements on a Paleozoic shale from the Warndt-Luisenthal coal mine in the 
German Saar area at different moisture contents. Excess sorption capacities are lower than for the Muderong Shale 
(Figure 2) and that maximum excess sorption quantities decrease with decreasing moisture content. The declining 
part of the isotherms at pressures >10 MPa can be attributed to volumetric effects as mentioned above. 
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Figure 3. CO2 sorption capacity on Paleozoic shale measured at different moisture contents (0.13%, 9.2% and dry) 
at 50ºC and up to 20 MPa. 
 
5. Discussion 
In addition to the experimental program presented by Busch et al. [4], the results of further sorption 
measurements on shales are reported here together with geochemical reaction results observed on the Muderong 
Shale. Detailed analysis of the excess sorption isotherms raises the question of the CO2 uptake mechanisms. These 
can comprise sorption on clay minerals or organic matter, mineral fixation and/or dissolution in water. The latter is 
low and maximum values can be ~16 kg/t at 15 MPa and 3.34 % moisture following the algorithm of Duan and Sun 
[9]. From the geochemical batch reactions, no CO2 fixation by e.g. mineral carbonation was observed. Organic 
matter contents are low (0.5%) and therefore the major CO2 uptake is most likely related to sorption on clay 
minerals. 
From both samples it was observed that CO2 sorption capacity decreases with decreasing moisture content which 
was not expected since water molecules usually compete with CO2 for sorption sites. So far the mechanisms are not 
well understood and further research on this topic is recommended. These CO2 sorption quantities have been 
verified in earlier CO2 diffusion experiments on the Muderong Shale [10], where storage values of 0.14 mmol (~6 
kg CO2/t) have been estimated for an experiment that was not in thermodynamic equilibrium. 
So, what can we learn or deduce from these observations? Caprocks are able to physically adsorb significant 
amounts of CO2, which is beneficial for the containment of carbon dioxide in storage formations. Taking a moderate 
sorption capacity of 0.5 mmol CO2/g rock (22 kg/t), a caprock thickness of 100 m with a bulk density of 2.4 g/cm³ 
this results in a theoretical total sorption quantity of 5.3 t per unit area (1 m²) and does not include CO2 dissolution 
in water. 
However CO2 adsorption does not only play a role in terms of fixation, it might also cause clay mineral swelling, 
which again could affect the caprock stability. From coal-related research it is known that gas adsorption leads to 
coal swelling, hence reducing the permeability of seams. Swelling might influence the geomechanical stability of 
the formation, resulting in the formation of cracks and, hence additional pathways for CO2 to migrate to the surface.  
Significant geochemical and mineralogical changes of the caprock have been observed in this study. While these 
measurements were performed on fine-grained material with large reactive surfaces providing fast reaction rates, it 
was shown in another study that mineral changes in shale sample plugs (d=2.85 cm, l=0.5 to 1 cm) are also 
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significant in time scales of several weeks [11, 12]. Further, in this study it was shown that the caprock integrity 
decreased slightly upon repetitive treatment with CO2. The consequences of these findings need to be researched in 
the future in order to appraise the long-term safety of CO2 storage reservoirs. 
 
6. Conclusions 
The set of experimental data presented here provides preliminary but consistent evidence on short-term reactions 
of CO2 with shales. Adsorption experiments and geochemical batch reactions demonstrate that large amounts of CO2 
can be adsorbed to caprocks and reaction rates are fast for small grain sizes. Ongoing studies aim at an improved 
understanding of the fundamental processes and the implications for the caprock stability (improvement or 
impairment). 
 
7. Acknowledgements 
Parts of this study have been conducted within the GEOTECHNOLOGIEN R&D-Programme funded by the 
German Ministry of Education and Research (BMBF) and the German Research Foundation (DFG). The financial 
support is gratefully acknowledged. 
 
8. References 
[1] A. Hildenbrand, S. Schlömer, B.M. Krooss and R. Littke, Geofluids 4 (2004), 61. 
[2] T.M. Al-Basali, J. Zhang and M.M. Sharma, SPE Anual Technology Conference and Exhibition, Houston, 
Texas, 9-12 October (2005 ), SPE 96100. 
[3] P. Chiquet, D. Broseta and S. Thibeau, SPE Europec/EAGE Annual conference, Madrid, Spain, 13-16 June 
(2005), SPE 94183. 
[4] A. Busch, S. Alles, Y. Gensterblum, D. Prinz, D.N. Dewhurst, M.D. Raven, H. Stanjek and B.M. Krooss, Int. J. 
Greenhouse Gas Control, 2 (2008), 297. 
[5] D.N. Dewhurst and A. Hennig, Petrol. Geoscience, 9 (2003), 255.  
[6] D.N. Dewhurst, R.M. Jones and M.D. Raven, Petrol. Geoscience, 8 (2002), 371. 
[7] N. Siemons and A. Busch, Int. J. Coal Geol. 69 (2007), 229. 
[8] K. Ufer, G. Roth, R. Kleeberg, H. Stanjek, R. Dohrmann, J. Bergmann. Z. Kristallographie, 219 (2004), 519. 
[9] Z. Duan and R. Sun, Chem. Geol., 193 (2003), 257. 
[10] B.M. Krooss, A. Busch, S. Alles and A. Hildenbrand, Experimental investigation of molecular diffusion of CO2 
in coals and shales. Int.Conf. on gas-water-rock interactions induced by reservoir exploitation, CO2 
sequestration, and other geological storage, Rueil-Malmaison, France, 18-20 November 2003. 
[11] J. Wollenweber, S. Alles, A. Busch and H. Stanjek, A. Kronimus, B.M. Krooss. Effects of CO2 on the sealing 
efficiency of pelitic caprocks. International Geological Congress, August 6-14 2008, Oslo, Norway. 
[12] J. Wollenweber, S. Alles, A. Busch, H. Stanjek, B.M. Krooss. Caprock and overburden processes in geological 
CO2 storage: An experimental study on sealing efficiency and mineral alterations. GHGT-9, November, 16-
20, Washington, Energy Procedia, submitted. 
A. Busch et al. / Energy Procedia 1 (2009) 3229–3235 3235
